The polymerization shrinkage of dental restorative resin composites in cavities was studied using a digital image correlation method. The cylindrical and semi-cylindrical cavities in bovine teeth were used to examine the shrinkage behavior on the top free surface and the simulated cross section, respectively. The cavities filled with the resin after spreading a bonding agent were irradiated using a visible-light curing unit and photographed with a CCD camera as a function of time. The two images photographed were correlated to study the deformation during the polymerization process. Experiments were also performed on the cavities without the bonding agent, and its effect on the bonding strength at the interface between the resin and tooth structure was examined.
Introduction
Light cure resin composite has been widely used as one of dental restoration materials mainly due to its handling ability in clinical practice and its esthetic appearance, as well as from a clinical viewpoint on minimal invasion to healthy tooth tissue [1] . The wide use of the resin composite has also been prompted by the introduction of new resin products with good physical and mechanical properties, and new bonding agents having highly-adherent to tooth tissue [2, 3] . However, the contraction stress due to the polymerization shrinkage can reportedly cause damage or defect in the resin restoration, tooth structure and at their interface [4] [5] [6] [7] . Hence, the polymerization shrinkage has been studied by many researchers from various viewpoints to avoid such damage or defect and to achieve better clinical treatments. Feilzer et al. [8] [9] [10] studied the contraction stress using the specimens of the resin composites inserted between two disks and attached to a load cell, and suggested that the contraction stress can depend on the ratio of the bonded area to the free unbonded area of the specimens. Kuroe et al. [11] and Kinomoto et al. [12] examined the contraction stress in simulated cavities using the method of photoelasticity, and reported that the intensity of the stress contraction changes according to the cavity configurations. The linear and volumetric shrinkage of the resin composites were measured using a dial gauge or noncontact displacement sensor [13] [14] [15] , and a dilatometer or gravimeter [16] , respectively. The laser speckle method [17, 18] was also applied to the observation of the shrinkage Vol. 4, No. 3, 2009 behavior of the resin composites. It is reported that the linear and volumetric shrinkages were approximately 1.16-1.38% and 1.56-3.41%, respectively, depending on filler loading, filler type and filler size in the resin composites [13, 16] . However, no investigation has been made on the shrinkage deformation in cavities and its relationship with the irradiation time of light. Hence, from a clinical viewpoint, it is very important to clarify the shrinkage deformation in cavities generated by the polymerization process.
This study measured the shrinkage deformation of a resin composite using a digital image correlation method. To simulate a clinical condition, cavities with cylindrical and semi-cylindrical shapes in bovine teeth were used to study the shrinkage behaviors on the top free surface and simulated cross-section, respectively. The shrinkage deformations in the cavities filled with the resin composite after spreading a bonding agent were determined as a function of time. The cavities prepared without the bonding agent were also employed to study the bonding strength at the interface between the resin and tooth structure.
Experimental method

Digital image correlation method
A digital image correlation method [19, 20] utilizes patterns unique to an object's surface, or intentionally spray-coated random patterns. Patterns and brightness distributions on the object to be measured are photographed using a CCD camera or similar device before and after deformation. Then, the amount and direction of displacement on the surface of the object can be simultaneously measured.
More specifically, a small region (subset: N x N pixels) centered on an arbitrary position in an image before deformation acts as a standard subset. The position showing the greatest correlation with this standard subset in the image after deformation is then identified so that the amount and direction of displacement can be determined (Fig.1) . To correlate the subsets, a rough search is conducted in which the displacement is measured to the accuracy of a pixel. In addition, a detailed search is conducted in which the displacement is obtained with measurement accuracy greater than a pixel. In the rough search, the correlation function C R is determined using the minimum residual method (Eq. 1). 
x-and y-directions, respectively; and N = 2M + 1. When C R reaches a minimum, the subset containing this position is considered to be the pixel nearest the center of displacement following deformation.
Since the actual displacements do not equal integral multiples of the pixel values, it is necessary to obtain displacements with an accuracy greater than a pixel. This is generally accomplished by one of two methods. In the first method, the discrete light intensity distribution of pixels is directly interpolated numerically to obtain the position of the pixel with the highest correlation coefficient [21] [22] . In the second method, correlation coefficients for the pixel with the highest correlation coefficient and pixels on its periphery are subjected to interpolation using an approximate curve. The peak-value position is then identified by the displacement of the standard subset after deformation [23] [24] . In this study, the former method was used for analysis. The correlation function C D was used for the detailed search (Eq. 2). Using this equation, deformation can be measured with a measurement resolution higher than a pixel:
Sensitivity of this technique was about 0.05 pixels. Validation studies of this algorithm were indicated in Ref. [25] and [26] . Since Eq. 2 required relatively long computation time, Eq. 1 was also used to save the time of the analysis.
Specimen preparation
Experiments were performed on two kind geometries of specimen with a cylindrical or semi-cylindrical cavity on a bovine front tooth. The geometries were illustrated in Figs. 2 (a) and (b). The cylindrical cavity was used to measure the shrinkage behaviors on its top free surface, and the semi-cylindrical cavity was used to simulate the cross section of the cylindrical cavity. The specimens were prepared using the following procedures; (i) a bovine tooth refrigerated was defrosted at room temperature and then wiped with soft paper to remove moisture from the surface, (ii) the lingual side of the tooth was embedded in uncured epoxy resin to fix it tightly after cured, (iii) on the labial side with a relatively flat surface, a cylindrical cavity with 3 mm in diameter and 2 mm in depth was made using an end-mill with water cooling, and then the cavity was washed and cleaned with water. The semi-cylindrical cavity was fabricated cutting the cylindrical cavity in the half using a water-cooled diamond saw (Isomet, Buehler, USA) (see Fig. 2 
(b)).
A resin composite and a bonding agent used in this experiment were CLEARFIL AP-X and CLEARFIL tri-S BOND supplied by Kuraray medical Ltd., respectively. This material is cross-linked acrylic resin composed of about 85wt% of inorganic powders and fillers. The compositions of these materials are listed in Table 1 . The resin was filled into the cylindrical and semi-cylindrical cavities using the bonding agent according to the manufacturer's instruction. Then the specimen surface to be measured was coated with black random Table 1 Composite resin and bonding agent used in this study Vol. 4, No. 3, 2009 pattern using a spray paint. The specimens prepared without the bonding agent were also made to study the influence of the agent.
Experimental setups
Figures 3 and 4 illustrate the experimental setups for measuring the shrinkage behavior on the top free surface and the simulated cross section of the cavity, respectively. These setups consist of a light-curing unit (Morita JETLITE 3000) to activate the polymerization with an irradiation power of 300mW/cm 2 , a CCD camera for taking the images of the specimen surface, and a computer to save the images. The specimen was mounted on a precision motion stage so that the uncured resin surface in the cavity could place horizontally to minimize the influence of gravity. The light tip was placed to irradiate the specimen surface obliquely from a distance of about 20 mm to avoid the interference with the camera. A polarizing sheet was inserted in front of the camera to reduce noise reflected from the specimen surface. The camera was operated remotely via the computer to minimize the vibration due to clicking the shutter. The specimen was irradiated for 20 s at room temperature, and the shrinkage behavior of the resin was recorded with the camera using a framing interval of 5 s. In the case of the semi-cylindrical cavity, the simulated cross section was shield with aluminum foil to prevent the undesired irradiation from the light tip.
Results and discussion
3.1. Shrinkage behavior of resin on top free surface in cylindrical cavity Figure 5 shows the shrinkage behavior of the resin on the top free surface in the To study the shrinkage behavior in more detail, u-displacement in x-direction was determined quantitatively along a centerline of the top free surface (Fig.5 (d) ). The result is shown in Fig. 6 , where line-a and -b indicate the interface between the tooth and resin. Some scattering of data existed probably due to background noise caused by undesired reflected light from the specimen surface (Fig.5) . However, there were several things to be noted: First, no big displacement was observed on the tooth substrate surrounding the resin. Second, the displacement was continuous at the interface. Third, its absolute value significantly increased and exhibited the maximum in the resin close to the interface. Finally, its value became zero near the center of the cavity. However, its distribution was not completely symmetric, suggesting the influence of the nonuniform density of the resin filled in the cavity, and the nonuniform thickness of the bonding agent. The thickness was about several ten micrometers in this experiment. 
Vol. 4, No. 3, 2009 due to the massive movement of the resin during the polymerization process. The result in (a')-(d') clearly indicates that this asymmetric shrinkage took place during 5-10 s and the polymerization nearly terminated up to 20 s similar to the resin filled in the cavity using the bonding agent. Figure 8 shows the displacement distribution along a centerline of the cavity prepared without the bonding agent (Fig. 7 (d) ). Several things should be noted: First, no big displacement was observed on the tooth surface, and the displacement increased abruptly in the resin close to the interface. Then, its distribution became remarkably asymmetric so that its zero-point shifted to the vicinity of one side of the interface. This result implies that such a marginal gap is initiated and increased locally from the interface having the weakest bonding strength between the resin and tooth substrate.
3.2. Shrinkage deformation of resin on simulated cross-section Figure 9 shows the displacement vectors and gray maps on a simulated cross-section in the cavity prepared using the bonding agent. Similarly, the result in Figure 10 shows the displacement distribution along the line A-B parallel to the cavity floor ( Fig. 9 (d) ). As expected, a continuous distribution was observed across the interface when the cavity was prepared using the bonding agent, although its distribution was somewhat asymmetric. In addition, the absolute value exhibited the maximum in the resin close to the interface and the minimum near the center of the cavity similar to the distribution on the top free surface (Fig. 6) , suggesting a good bonding condition at the interface between the resin and tooth tissue and no marginal gap at the interface. Figure 11 shows the shrinkage behavior on the simulated cross-section in the cavity prepared without the bonding agent. Unexpectedly, no big difference was observed on the displacement vectors and gray maps compared to the results in Fig. 9 . Similar to the cavity prepared with the bonding agent, the shrinkage center moved gradually from the top free surface to the cavity floor ((a)-(d)), and its movement mainly progressed during the initial stage up to 15 s ((a')-(d')). Figure 12 shows the displacement distribution along the line A-B in Fig. 11(d) . Unlike the case of the cavity prepared with the bonding agent (Fig. 10) , different situations are demonstrated: First, the displacement was discontinuous at the interface and its absolute value became significantly asymmetric. This suggests that the boding agent plays an important role to maintain a good adhesive strength between the resin and tooth substrate during the polymerization process.
Conclusions
A digital image correlation method was applied to study the polymerization shrinkage of a light cure resin composite in cavities of bovine teeth. A cylindrical cavity prepared using a bonding agent was employed to measure the shrinkage behavior on the top free surface of the cavity. A semi-cylindrical cavity was also used to simulate the cross section of the cylindrical cavity. The resin filled in the cavity was irradiated using a visible-light curing unit and photographed with a CCD camera as a function of time. Two images photographed were correlated to determine the deformation during the polymerization process. The cavities prepared without the bonding agent were employed to study the bonding strength at the interface between the resin and tooth substrate, and the following results were obtained.
(1) The polymerization shrinkage mainly occurred during the initial stage of the irradiation up to 10 s and tended to terminate by 20 s.
(2) The shrinkage behavior was largely different in the cavities prepared with and without the bonding agent.
(3) With the bonding agent, the displacement distribution was continuous at the interface, and its absolute value exhibited the maximum in the resin close to the interface and the minimum near the center of the cavity.
(4) Without the bonding agent, there existed the interface which exhibited the discontinuous distribution, and the discontinuity tended to initiate and grow locally at the interface.
